We have compared endogenous proviruses in DNA of chickens of 11 breeds by means of Southern's technique. Many of the endogenous virus loci found were missing from the genomes of the extensively studied white leghorn chickens, although some of the proviruses and especially ev-I appeared to be widely spread among different chickens. Most of the proviruses were similar to Rous-associated virus (RAV-O) as judged by the EcoRI digestion patterns. Several genetically different proviruses were found in the DNA of 28 brown leghorns. They contain neither ev-1 provirus in their genome, nor any other one common for all individuals. All four Italian partridge-coloured chickens examined appeared to be free from ALV-related sequences in their DNA showing the possibility of normal life without known endogenous proviruses. Possible causes of inter-breed differences of chicken endogenous proviruses are discussed.
INTRODUCTION
DNA sequences homologous to the genomes of some retroviruses are often found in DNA of various vertebrates (Todaro & Huebner, 1972; Aaronson & Stephenson, 1976; Tereba et al., 1975) . The peculiarities of these sequences such as terminal redundancy and mutual arrangement of coding regions show them to be very similar to the provirus DNA of oncoviruses (Hughes et al., 1979b) . The origin of endogenous provirus sequences in vertebrate genomes still remains obscure. As has been recently demonstrated by Frisby et al. (1979) there is no correlation between phylogenetic relationships of avian species and endogenous provirus sequences in their genomes. Sequences homologous to chicken endogenous virus RAV-O (Rous-associated virus) are absent in DNA of other Gallus species but they are present in the genome of red junglefowl, the probable ancestor of the domestic chicken (Frisby et al., 1979) . The authors suggested that RAV-O sequences had appeared in the chicken genomes only after the divergence of the main species of the Gallus genus but before the domestication of chickens.
Studies on endogenous provirus sequences in DNA of various individual white leghorn chickens carried out by restriction endonucleases and Southern's blotting technique have shown these sequences to be detected in 10 loci of cell DNA. The provirus in the locus named ev-1 is found in the overwhelming majority of white leghorns being probably the most ancient; the others have been found with various but lesser frequency (Astrin, 1978; Astrin et al., 1979b) . Since the genomes of red junglefowls contained endogenous RAV-O-like sequences (Frisby et al., 1979) it seemed to be very probable that the facts obtained from study of hundreds of white leghorns (Astrin, 1978; McClements et al., 1979; Hughes et al., 1979a) would turn out to be true for all chickens. Using brown leghorn chickens in our studies, however, we have noticed a lot of differences between endogenous provirus sequences in DNA of these chickens and white leghorns. Therefore, we decided to carry out a comparative study on different breeds of chickens. The results of this comparison are described here.
METHODS

Cells and viruses.
Nine-to 15-day-old embryos of chickens of various breeds (white leghorn, Italian partridge-coloured, Poltavskaya Glinyastaya, Californian grey, New Hampshire, Rhode Island, Australorp, Amrox, Minorca and Sussex) were obtained from the Museum of the Chicken Breeds based on the All-Union Scientific and Technological Institute of Poultry Farming (Zagorsk, U.S.S.R.); embryos and adult brown leghorns were obtained from the Leukaemia-free Poultry Farm (Cancer Research Centre, Moscow, U.S.S.R.). RAV-2 and Rous sarcoma virus, Prague strain (Pr-RSV) were harvested from the media of infected chicken embryo fibroblast cultures.
DNA preparation. DNA was isolated from chicken embryo fibroblasts or from chicken erythrocytes. Cells suspended in TNE (0.01 M-tris-HC1 pH 7.4, 0.1 M-NaC1, 0.001 M-EDTA) were lysed by 1% SDS and treated by Pronase (Merck) at 500 pg/ml, 37 °C, 1 h. The mixture was then extracted twice with phenol (80% phenol-20% TNE), once with phenol:chloroform (1:1) and once with chloroform :isoamyl alcohol (24 : 1) and nucleic acids were precipitated from the aqueous phase by 2.5 vol. ethanol. RNA was digested by RNase (RNase A, Serva, 50 pg/ml, 37 °C, 1 h) and the enzyme was removed by phenol :chloroform extraction. DNA precipitates were dissolved in 1 mM-tris-HCl pH 7.4, 3 mM-NaC1 and stored frozen at -70 °C. No less than 90% of these DNA preparations consisted of molecules longer than 30 megadaltons (Md), as determined by comparison with phage 2 DNA using electrophoresis.
RNA preparation. Cells in TNE suspension were lysed by 1% Nonidet P40 (NP40) and the nuclei were removed by centrifugation. Nucleic acids were isolated from the supernatant according to the method described for DNA. Most of the ethanol-precipitated nucleic acid was cytoplasmic RNA.
31p-labelled cDNA RA V-2 synthesis. A 32p-labelled DNA transcript of RAV-2 genome was synthesized in the endogenous reaction. The reaction mixture usually contained dATP, dGTP, dCTP (Serva), 0.5 mM of each; 1 to 2 pM-[32p]TTP (400 Ci/mmol, Amersham Corp.; 100 pg/ml actinomycin D (P.-L. Biochemicals); 0.1 to 0.25% NP40; 6 mM-MgCl2; 25 mM-tris-HC1 pH 8.25; 0.06 M-KCI; 2 mM-dithiothreitol. Concentration of virus proteins in the mixture was 1 mg/ml. The reaction mixture was incubated for 4 to 6 h at 37 °C. Nucleic acids were isolated as described above. Virus RNA was removed by alkaline hydrolysis in 0.3 M-NaOH for 5 h at 37 °C, the mixture was neutralized and 32p-labelled cDNA RAV-2 was precipitated by ethanol together with thymus DNA that had been added earlier. After gel filtration on a Sephadex G-50 column 32p-labelled cDNA RAV-2 was used for hybridization. The specific radioactivity of azp-labelled DNA was 1 × l0 s to 5 x 108 ct/min/~g.
Restriction endonuclease digestion. DNA was cleaved by restriction endonucleases as described previously (Naroditsky et al., 1977) . Enzyme concentration and the time of incubation were enough for the complete specific hydrolysis of the DNA of phage J. in the same reaction mixture. At the end of the reaction SDS (to 1%) and EDTA (to 0-02 M) were added and proteins were extracted by chloroform:isoamyl alcohol (24:1). Ethanolprecipitated DNA was dissolved in electrophoretic buffer with 5 % glycerol.
DNA electrophoresis. DNA fragments were separated in vertical slab gels of 0.8 to 1% agarose (Miles Laboratories) 0.25 × 20 x 20 cm as described earlier. The electrode buffer usually contained 0.05 M-tris-HC1 pH 8.05, 0.02 M-sodium acetate, 0-018 M-sodium chloride and 0-002 M-EDTA (Helling et al., 1974) . DNA was stained by ethidium bromide (2 gg/ml, 30 min) and photographed.
Blotting ofDNA. Blotting of DNA from gels on to nitrocellulose filters after in situ alkaline denaturation was performed according to Southern (1975) .
Hybridization. Hybridization of 32p-labelled cDNA RAV-2 with DNA on filters were performed after incubation of the filters in 4 × SSC (1 × SSC = 0.15 M-NaC1, 0.015 M-sodium citrate) with Denhardt's solution (0.01% polyvinylpyrrolidone, 0.01% Ficoll, 0.01% bovine serum albumin) for 16 to 24 h at 68 °C. The filters were then placed into the hybridization mixture containing 4 × SSC, 0.1% SDS, Denhardt's solution, thymus DNA (200 gg/ml), duck cytoplasmic RNA (200/~g/ml) and 32p-labelled cDNA of RAV-2 (10 -2 gg/ml or I × 106 to 5 x 106 ct/min/ml). After 48 h incubation at 68 °C the filters were washed for 4 h at hybridization conditions and for 6 to 12 h in 2 x SSC with 0.1% SDS at 45 °C. They were then dried in air and exposed against ORWO HS-11 Rentgen film from 48 h to 2 weeks.
RESULTS
Hybridization conditions
We have used Southern's technique for the investigation of the endogenous provirus sequences in DNA of different chickens. After restriction endonuclease digestion and electrophoresis, DNA was denatured in gels, transferred on to nitrocellulose filters and hybridized with 32p-labelled cDNA RAV-2. Restriction DNA fragments containing virus sequences were detected by means of autoradiography. Mol. wt. of these fragments were determined by comparison of their electrophoretic mobility with that of restriction fragments of phage 2 DNA digested by EcoRI or HindlII. Furthermore, some of the marker fragments were seen just on the autoradiograms (see below). The very high level of homology of RAV-2 and RAV-O genomes (Shoyab & Baluda, 1976 ) and the simplicity of growing RAV-2 in culture are the reasons for using 3~p-labelled cDNA RAV-2 for the detection of endogenous virus sequences in chicken DNA. The possibility of using RAV-2 for the detection of RAV-O sequences has been carefully examined already (Astrin, 1978; McClements et al., 1979) .
Representation of ~2p-labelled cDNA probes was controlled in each case by hybridization with DNA or XC cells (DNAxc) digested by EcoRI. EcoRI generates three large internal fragments in Pr-RSV DNA ( Fig. 1) (Farashyan et al., 1979) . These three fragments represent almost the whole genome of RSV (Collins & Parsons, 1977) . Comparison Of the three bands on the autoradiograms corresponding to the three internal fragments of the provirus shows the quality of the 32p-labelled cDNA RAV-2 (RAV-2 and RSV genomes are very similar (Shoyab & Baluda, 1975) . In all the cases of 32p-labelled cDNA RAV-2 was representative enough for the exposure of all parts of the virus genome (Fig. 2, 5) .
cDNAs of oncoviruses are often contaminated by ribosomal RNA sequences (McClements et al., 1979) . This may lead to the artefacts (Sabran et al., 1979) . In order to avoid the appearance of 'ribosomal' bands on the autoradiograms, all hybridization mixtures contained duck RNA. This RNA is able to compete with most of the chicken DNA sequences but it is free from ALV sequence homologies (Shoyab & Baluda, 1975) . The absence of visible bands on the autoradiograms of duck DNA digested by EcoRI and hybridized with 32p-labelled cDNA RAV-2 (Fig. 2) shows that the concentration of duck RNA in hybridization mixtures was enough for complete neutralization of non-virus sequences in 32p-labelled cDNA.
Thus, these precautions allowed us to detect only virus-specific sequences in cell DNA whatever part of the virus genome they represented. 
ev-1 provirus in chicken genomes
We have compared endogenous virus sequences in the DNA of chickens of 11 breeds. Restriction endonuclease digestion pattern of most of the endogenous proviruses was similar to the provirus RAV-O. EcoRI cleaves RAV-O DNA in two sites (Fig. 1) (McClements et al., 1979) . Mol. wt. and electrophoretic mobility of the internal fragment does not depend on the position of the provirus in the cell genome (when the provirus DNA and virus RNA are co-linear). On the contrary, the other two terminal restriction fragments of the provirus DNA are linked to cell DNA and, therefore, their mol. wt. are determined by the integration site of the provirus.
All the individual samples of white leghorn chicken DNA after EcoRI digestion contained the set of three virus fragments 2.4, 5.2 and 11 Md (Fig. 2) corresponding to the same endogenous provirus. This RAV-O-like endogenous virus locus, named ev-1 (Astrin, 1978) , is the most widely spread in the genomes of white leghorns (Astrin, 1978; McClements et al., 1979; Hughes et al., 1979 b) . Besides the bands of ev-1 provirus, there were some other bands on the autoradiograms of different individual samples of white leghorn DNA corresponding to the other, lesser frequent, endogenous provirus with a different localization. A 2.4 Md band was dominant on all autoradiograms showing the similarity of restriction endonuclease digestion patterns of the majority of endogenous proviruses in white leghorn DNA. Our results obtained from the study of white leghorns are similar to Astrin's (1978) data.
The ev-1 endogenous provirus was detected in DNA of chicken of seven other breeds (Fig.  3) . Each of the four samples of DNA examined of each breed contained the same set of three ev-l-specific restriction fragments. Nevertheless, all the breeds differed from each other in the number and tool. wt. of the endogenous provirus restriction fragments (Fig. 3) . Some of the 11
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Chicken endogenous proviruses chicken genomes contained many endogenous proviruses, while others had only a few copies. There were some other virus restriction fragments besides ev-1, common for DNA of chickens of different breeds. They might correspond to the other common endogenous provirus although they are not so widely spread as ev-l. The 2.4 Md band is prominent in all the DNA samples as in the case of white leghorn DNA. There are many endogenous virus restriction fragments in DNA of individual chickens that have never been described for white leghorn DNA. This shows that the variety of endogenous virus loci in chicken DNA is not limited to the 10 already known (Astrin et al., 1979 b) . It is possible that in some cases we had come across altered endogenous proviruses integrated in the known loci of cell DNA.
Thus, although these eight breeds of chickens differed from each other in quantity and possibly quality of endogenous proviruses in their genomes, they had two points of similarity: (i) all of them contained ev-1 provirus in their DNA and (ii) most of the detected endogenous proviruses were cleaved by EcoRI in the same manner as RAV-O.
Chickens without ev-1 provirus in their genomes
The chickens of three other breeds examined did not contain complete ev-1 proviruses in their DNA. For example, none of the four individual samples of Sussex chicken DNA contained the full set of ev-1 restriction fragments (Fig. 4) , although there were other common groups of bands on the autoradiograms. It is possible that ev-1 provirus is absent from the genomes of these chickens. The same result could have been obtained if there had been mutations in the ev-1 provirus or in neighbouring cell sequences, altering the EcoRI cleavage sites.
The ev-1 provirus was also absent from the DNA of brown leghorns. The initial experiments with DNA of these chickens showed an unusual fact: some of the DNA probes were free from complete RAV-O proviruses. This fact stimulated a more extensive study of brown leghorns. We have examined 28 individuals. The sets of all the virus-specific DNA fragments detected among digests of brown leghorn DNA are shown in Table 1 . The most frequent set contained four fragments: 1.5, 3.1, 4.0 and 15 Md. These fragments were the (Fig. 5 ). There were only two D N A preparations that did not contain the full set of the four fragments (Fig. 5 b, c) . W e were able to separate those virus fragments that always appeared together and independently from the others. Five groups of such fragments are presented on Fig. 5 . We suggest that each group represents the restriction fragments of individual proviruses. A and B groups consist of two, C and D groups three and E group one virus-specific D N A fragment. None of the groups or fragments appears to be common for all the 28 chickens examined. This indicates the absence of any endogenous provirus common to all individual brown leghorns.
The different number of fragments in the groups reflects the genetic variety of brown leghorn endogenous proviruses. C and D proviruses seem to be similar to R A V -O in their pattern of EcoRI endonuclease digestion, but even if they are identical with RAV-O, they have no analogues among the 10 endogenous proviruses known in white leghorns (Astrin et al., 1979 b) . (a) (b) (c) (d) (Fig. 5) . These two proviruses are more frequent in brown leghorn genomes than are the C or D fragments (Table 1 ).
Chicken endogenous proviruses (e) (f) (g) (h) (0 A
The mol. wt. of the single fragment of E group (0.8 Md) is too low to code a complete avian leukosis virus (ALV) genome. In this case we have probably found a defective endogenous provirus.
Thus, there is a variety of different endogenous proviruses in brown leghorn chicken DNA. Some of them resemble RAV-O and the others are distinguished from it. None of these proviruses has been described in white leghorn DNA.
We cannot exclude the possibility of the presence of brown leghorn-type endogenous proviruses in the genomes of chickens of some other breeds examined. This proposition requires additional study.
Chickens without AL V-specific sequences in the genomes
We failed to obtain any sequence homologies between 32p-labelled cDNA RAV-2 and DNA of the four Italian partridge-coloured chickens. There were no visible bands on the autoradiograms although the performance of hybridization reaction without duck RNA (see first section of Results) led to the appearance of 'ribosomal' bands, identical for all DNA probes. When Pr-RSV was used instead of RAV-2 one 13 Md band appeared, probably corresponding to the cell analogue of virus gene 'src' (McCtements et al., 1979) (Fig. 6 ).
This shows that the Italian partridge-coloured chickens are free from endogenous proviruses related to the known avian leukosis viruses.
DISCUSSION
We have compared endogenous provirus sequences in DNA of 11 breeds of chickens. These sequences were detected after EcoRI endonuclease digestion of chicken DNA by means of Southern's technique. RAV-2 was used for the synthesis of 32p-labelled cDNA probe as a virus closely related to chicken endogenous virus RAV-O. The interpretation of the results was mainly based on the known physical map of RAV-O genome (McClements et al., 1979) . Peculiarities of endogenous proviruses of various breeds of chickens were evaluated by comparison with white leghorns since the latter breed have been extensively studied (Astrin, 1978; Astrin et al., 1979a, b; McClements et al., 1979; Hughes et al., 1979 b) .
Each of the breeds examined possessed its own peculiarities, Nevertheless, eight of the breeds seemed to be rather similar: all of them contained RAV-O-like provirus in the ev-1 locus of their DNA, and some other RAV-O-like proviruses with a different localization (Fig.  3) . In the DNA of Sussex chickens no restriction fragments specific for the ev-1 provirus were detected, although the other proviruses in their genomes appeared to be similar to RAV-O as shown by the pattern of EeoRI endonuclease hydrolysis (Fig. 4) . Brown leghorns do not only lack ev-1 provirus but also do not contain in their DNA any other provirus common to all members of the population.
Besides RAVO-like proviruses, there are some other proviruses in brown leghorn DNA differing from RAV-O in their physical maps, and the genomes of Italianipartridge-coloured chickens are free from ALV-specific sequences.
Thus, there are three main conclusions resulting from the present data: (i) the sets of endogenous proviruses with different localization in chicken DNA vary from breed to breed, although some of the provirus loci appear to be common to a number of breeds; (ii) there are a number of different endogenous proviruses distinguished from each other by their physical maps (brown leghorns); (iii) there is a whole population of chickens that seems to be free from the known endogenous proviruses in their genomes (Italian partridge-coloured chickens).
All these facts can be explained by the peculiarities of genotypes of the breed progenitors and/or by accumulation of the genetic changes that occurred during independent breeding of the different chickens. Nevertheless, it is obvious that the observed variety of endogenous proviruses of chickens is much wider than the variety of chicken genotypes (for instance, restriction fragments with rRNA sequences are similar for all chickens examined). Therefore, the problem of this variety is one of endogenous provirus sequence origin and evolution rather than the evolution of chickens.
The variety of RAV-O-type proviruses with different localization could be due to either a large number of integration events of retrovirus DNA into DNA of germ cell line of chickens and/or to translocations of primary endogenous proviruses. Localization of the three endogenous virus loci examined (ev-1, ev-4 and ev-5) in one chromosome seems to make the possibility of transpositions more attractive (Tereba et al., 1979) .
The qualitative differences between the proviruses found in brown leghorn DNA can be related to mutations (for example, deletions) of RAV-O-type proviruses. The origin of the proviruses A and B, however, can hardly be simply explained by changes in RAV-O sequences since they are cleaved in an unusual way, not only by EcoRI (see Fig. 5 ) but also by HindlII, BgllI and BamHI (unpublished data) . The origin of these proviruses might be related to the integration of a new retrovirus sequence into the genome of ancestors of brown leghorns.
The absence of any ALV-specific sequences in Italian partridge-coloured chicken DNA might be the result of their loss during the independent breeding of these chickens. The other possible explanation is that this breed originates from ancient birds free from ALV-specific sequences in their genomes. In all cases the absence of endogenous proviruses related to ALV in DNA of the whole population of chickens proves them to be not necessary for the normal activity of the genomes. The Astrin et al. (1979 b ) recent finding of a white leghorn rooster without known endogenous proviruses in its DNA also supports this conclusion.
The results show that the facts established in the course of extensive studies on white leghorns do not fully reflect the variety of endogenous proviruses in chickens. The qualitative differences among proviruses and the large number of their integration sites demonstrate the extremely high rates of variability of these elements of chicken genomes.
The present data are in good agreement with the results obtained by Cohen & Varmus (1979) concerning the variability of sequences of endogenous mammary tumour retroviruses (MMTV) among wild and laboratory populations of mice. The completeness of the analogy is supported also by finding the population of wild mice without endogenous MMTV in their genomes. Thus, the variety of chicken endogenous proviruses seems to be the rule, reflecting the peculiarities of the origin and evolution of endogenous proviral sequences in animal genomes.
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